We conducted zircon (U-Th)/He (ZHe) analysis of lunar impact-melt breccia 14311 with the aim of leveraging radiation damage accumulated in zircon over extended intervals to detect low-temperature or short-lived impact events that have previously eluded traditional isotopic dating techniques. Our ZHe data record a coherent date vs. effective Uranium concentration (eU) trend characterized by >3500 Ma dates from low (≤75 ppm) eU zircon grains, and ca. 110 Ma dates for high (≥100 ppm) eU grains. A progression between these date populations is apparent for intermediate (75-100 ppm) eU grains. Thermal history modeling constrains permissible temperatures and cooling rates during and following impacts. Modeling shows that the data are most simply explained by impact events at ca. 3950 Ma and ca. 110 Ma, and limits allowable temperatures of heating events between 3950-110 Ma. Modeling of solar cycling thermal effects at the lunar surface precludes this as the explanation for the ca. 110 Ma ZHe dates. We propose a sample history characterized by zircon resetting during the ca. 3950 Ma Imbrium impact event, with subsequent heating during an impact at ca. 110 Ma that ejected the sample to the vicinity of its collection site. Our data show that zircon has the potential to retain 4 He over immense timescales (≥3950 Myrs), thus providing a valuable new thermochronometer for probing the impact histories of lunar samples, and martian or asteroidal meteorites.
Introduction
Impacts are one of the most important physiochemical processes shaping planetary surfaces. The timing and amplitude of impacts to the inner solar system is, however, debated. This is reflected in differences in long-term cratering estimates ranging from a simple monotonic decline in late accretion impact flux since crust formation, to rapid decline to near current levels followed by little change in the last ∼3000 Myr (e.g., Neukum and Ivanov, 1994; Lowe et al., 2014) .
The Moon is our ultimate baseline for a record of late accretion to the inner solar system. This is a consequence of the Moon's proximity to Earth, its absence of effective crustal renewal, and availability of samples collected directly from its surface. Much has been learned from high-temperature chronometers, such as U-Pb in zircon, about the early bombardment history (e.g., lunar crust . Image shows extent of the Imbrium basin (solid white line), location of the Tycho impact crater (red oval) with approximate extent of the Tycho continuous ejecta blanket (solid white line) and minimum reach of discontinuous ray deposits (dashed white line) as mapped by Dundas and McEwen (2007) . Lunar image collected by the Lunar Rover Orbital Camera and used courtesy of NASA/GSFC/Arizona State University. (b) Map of the Apollo 14 landing site including mapped deposits of the Fra Mauro formation and ejecta associated with the ca. 25 Ma Cone Crater (modified from Swann et al., 1977) . Location of the two Extravehicular Activity (EVA) traverses and sampling sites are given. 'LM' refers to the location of the Lunar Module. Sample 14311 was collected at site 'Dg'. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.) imprints such as those from smaller, late impacts extended over the long tail of accretion (Bottke et al., 2012 ). Recent advances demonstrate that radiation damage can cause zircon He retentivity to vary widely (∼210 to <50 • C; e.g., Guenthner et al., 2013) , therefore allowing for multiple events of contrasting energy to be recorded within a single sample. Previous work using phosphate (U-Th)/He thermochronometry on meteorite samples yielded evidence for early events such as the timing of parent body formation (Min et al., 2003) , as well as shock metamorphism and ejection times from planetary surfaces (Min et al., 2004) . However, ZHe has hitherto not been applied to extraterrestrial samples, nor has (U-Th)/He thermochronometry of any kind been reported on lunar rocks.
Here, we report the first results for zircon grains from Apollo 14 lunar impact-melt breccia 14311. Our goal is to exploit the effects of prolonged radiation damage accumulation (≤3950 Myrs) in lunar zircon grains to constrain a record of multiple impact events of differing peak temperature and cooling rates within a single sample. Results illustrate the power of the ZHe technique to isolate lower temperature impact events inaccessible with other routinely applied dating tools on lunar rocks, allow thermal constraints to be placed on long periods of lunar history, and if integrated with other isotope systems to reveal an impact record that corresponds to the protracted record of accretion to the Moon.
Geologic setting and sample information

Geologic setting of Apollo 14
Impact-melt breccias in the vicinity of the Apollo 14 landing site were sampled from the Fra Mauro formation (Fig. 1a) . This formation has been interpreted as a remnant of the ejecta blanket deposited after the impact that formed the Imbrium basin (Warner, 1972; Wilshire and Jackson, 1972; Swann et al., 1977) , and includes a mix of impact melt, solid fragments from the impact target, and locally derived material reworked into the ejecta blanket (Oberbeck, 1975; Wilhelms, 1987; Stöffler et al., 1989; Stöffler and Ryder, 2001 ). The Apollo 14 breccias were sampled in the vicinity of Cone crater (Fig. 1b) , a small (340 m wide, 75 m deep) crater estimated to have formed at ca. 25-40 Ma in an event that excavated part of the Fra Mauro formation Swann et al., 1977) .
Sample description -impact-melt breccia 14311
Lunar sample 14311 was chosen for (U-Th)/He analysis because it provided one of the largest and best-characterized collection of zircon mineral separates from a single sample from the Apollo breccias. The sample was collected at station Dg, at the boundary between the continuous ejecta blanket of Cone crater and discontinuous blocky ray deposits (Swann et al., 1977; Fig. 1b) . A number of other small craters that penetrate Cone crater ejecta are also located nearby (e.g., Flank crater). The sample is a melt-poor, polymict impact-melt breccia composed of >75% crystalline matrix (a pyroxene and plagioclase mosaic of 5-10 μm grains), along with mineral clasts (pyroxene, plagioclase, Fe-Ti oxides), and lithic clasts that include igneous rocks and impact breccias, which are suggestive of derivation from multiple precursors that pre-date the Imbrium impact (Carlson and Walton, 1978; Simonds et al., 1977; Swann et al., 1977) . Quenched impact melt in the matrix of 14311 is in very low abundance, or absent. The dominant "equant textured" crystalline matrix, however, has been interpreted to result from solid-state recrystallization within a slowly cooling ejecta blanket at temperatures of up to ∼1000 • C or more (Warner, 1972) .
Previous zircon U-Pb geochronology for this sample (Meyer et al., 1996; Hopkins and Mojzsis, 2015; Merle et al., 2017) , documented evidence for three thermal events in the history of 14311: (1) formation of ca. 4330 Ma crust; (2) igneous activity or crystallization of a large impact-generated melt sheet at ca. 4250 Ma; and, (3) ca. 3950 Ma impact-shocked zircon and zircon neoblasts that crystallized from impact melt. The ca. 3950 Ma zircon dates correlate with U-Pb phosphate (apatite, merrilite, whitlockite) geochronology obtained for this and other Apollo 14 samples (ca. 3934 Ma: Nemchin et al., 2009; Snape et al., 2016; Merle et al., 2017) , and probably constrain the formation of the Imbrium basin. These results are consistent with 40 Ar-39 Ar analyses that gave an interpreted plateau age of ca. 3850 Ma (Stadermann et al., 1991; cf. Boehnke and Harrison, 2016) , and show that resetting of high-temperature chronometers last occurred in sample 14311 at ca. 3950 Ma.
At-surface and near-surface residence time estimates
In comparison to the Earth, lunar surfaces are extremely old because they experience limited erosion except through impact excavation. Rocks can reside for extended intervals (hundreds of millions of years) in the near-surface (<5 meters; Reedy and Arnold, 1972) where they are exposed to galactic cosmic rays (GCR), or for shorter intervals (millions of years) directly at the lunar surface where they may be exposed to heating up to temperatures of 120 • C by the Sun (e.g., Turner, 1971) . We make a key distinction throughout the text between near-surface and at-surface exposure intervals, both of which are important for the interpretation of ZHe dates from lunar rocks.
The cumulative near-surface residence time of sample 14311, expressed in terms of exposure age, has been estimated through measurement of cosmogenic isotopes produced during interaction with GCR. These ages (ca. 528 Myr:
38 Ar, Stadermann et al., 1991; ca. 661 Myr: 81 Kr, Crozaz et al., 1972) , are older than the near-surface exposure times of most other breccias collected close to Cone Crater (ca. 25 Myr: 14306, 14053, 14321; ca. 97-113 Myr: 14073, 14074, 14079, 14301; 260-379 Myr: 14001, 14310, 14431, 14434; Turner et al., 1971; Crozaz et al., 1972; Stadermann et al., 1991) . The GCR near-surface exposure ages contrast markedly with estimates of at-surface residence times. Micro-crater distributions indicate a single at-surface exposure period and suggest that the rock was not tumbled since being exposed at the surface (Horz et al., 1972; Morrison et al., 1972) . The cumulative size-frequency distributions of micro-craters on multiple exposed surfaces of 14311 yield a calculated surface residence time of 0.45 to 2 Myrs , consistent with estimates from cosmic-ray particle tracks (∼1 Myrs; Hart et al., 1972) . Thus, available data suggest that sample 14311 was exposed on the lunar surface for ≤2 Myr.
Background on (U-Th)/He thermochronometry
Retentivity of
4 He is dependent on the amount of radiation damage accumulated in the crystal structure (Shuster et al., 2006; Flowers et al., 2009) . In zircon, moderate radiation damage initially increases 4 He retentivity, while at yet higher radiation dosages damage zones interconnect and retentivity declines (Guenthner et al., 2013 (Shuster et al., 2006) .
Retentivity can also depend on the time-temperature (t-T ) history, because radiation damage may anneal at elevated temperatures (Nasdala et al., 2002; Yamada et al., 2007 Guenthner et al., 2013) . These developments allow us to use modeling approaches (e.g., HeFTy: Ketcham, 2005) to constrain the range of potential thermal histories that may explain a ZHe dataset, although some uncertainty remains in our understanding of He retentivity and annealing in highly-damaged zircon grains (see Supplementary Files). Owing to this, the (U-Th)/He system has become a rich source of geochronological information: zircon populations with a range of eU can constrain long, complicated and multicomponent time-temperature paths (e.g., Guenthner et al., 2014; Johnson et al., 2017) . A secondary consideration for ZHe data interpretation is that zircon grains from lunar breccias are commonly characterized by shock damage, which can include internal brittle or plastic deformation, and complete fragmentation. Shock features within an intact zircon can reduce the grain's diffusion domain, therefore increasing susceptibility to He loss and possibly inducing younger ZHe dates than expected based on the entire grain size. In addition, shock deformation makes grains susceptible to fragmentation during mechanical separation prior to (U-Th)/He analysis. In this way, zircon fragments may variably capture parts of the diffusive profiles, or edges of grains depleted in 4 He due to alpha-ejection from the outer ∼16-20 μm of the crystal during U and Th decay. These factors, and the difficulty in predicting or characterizing these features, have the potential to introduce dispersion into a ZHe dataset.
Zircon characterization and (U-Th)/He thermochronology
Methods
Full details on analytical methods are provided in the Supplementary Files; a summary is provided here. Individual zircon grains were chosen from polished grain mounts of three sub-samples of breccia 14311 (14311,20, 14311,50 and 14311,60) for which U-Pb, titanium-in-zircon thermometry, and rare earth element composition data were previously acquired by highresolution ion microprobe (Hopkins and Mojzsis, 2015) . Optical light microscope, cathodoluminescence (CL) and backscattered electron images collected in that study (e.g., Fig. 2 ) were used to identify those features cited above that could influence ZHe data interpretation, as well as compositional zoning such as high-U rims on low-U cores.
Thirty-two individual lunar zircon grains were analyzed for ZHe thermochronometry at the University of Colorado at Boulder, following methods described in Stanley and Flowers (2016) . Selected zircon grains are representative of the three previously defined U-Pb age populations (Hopkins and Mojzsis, 2015) , and provide a framework within which to interpret ZHe data (Table  S1 ). Importantly, selected grains cover a large span of eU values (14-297 ppm) and accumulated radiation damage. Concentrations of U, Th and Sm (in parts per million) were calculated using volume data that were extracted from high-resolution X-ray computed tomography (HR-XCT) measurements.
All measured 4 He ( 4 He TOT ) abundances were corrected for cosmogenic 4 He ( 4 He COS ) production (Tables S2, S3 ). 4 He COS was cal- culated using published production values (Leya et al., 2004) , corrected for the composition of the breccia matrix (Eugster, 1988; Masarik and Reedy, 1996) . Production duration was computed using the maximum exposure age of sample 14311 (ca. 661 Ma; Crozaz et al., 1972) , which corresponds to the maximum potential for generation of 4 He COS in the sample. This correction is most significant for low He grains (∼25% for grains 20-4_Z8 and 60-5_Z7; Table 1 ), but is on average <1% for the others.
Full (U-Th)/He data are reported in Table 1 . Uncertainties on individual (U-Th)/He analyses in figures, tables and text are reported at 1σ , and only include propagated analytical uncertainties for measurements of He, U, Th and Sm. Uncertainties on eU include both analytical uncertainties and the maximum deviation in density from ideal pristine zircon (4.65 g/cm 3 ) and heavily radiation damaged zircon (4.05 g/cm 3 ; Salje et al., 1999) .
Results
Based on the irregular grain shapes and truncated zoning, the grains used in this study are all considered fragments of larger grains so no alpha-ejection corrections were applied. This approach is consistent with previous meteoritic apatite (U-Th)/He studies (e.g., Min et al., 2003 Min et al., , 2004 . Not accounting for preservation of original alpha-ejection depleted grain boundary surfaces captured by grain fragments will lead to an underestimate of radiogenic 4 He ( 4 He RAD ). The implications of this effect for our results are discussed further below. Moreover, four grains included in this study exhibit partial rims, which based on weak CL emission suggest they may be higher in U than their respective cores. Where not correcting for alpha-ejection, high-U rims can also lead to younger ZHe dates due to a measured "excess" of U. Alternatively, where a high-U rim has been lost from a lower-U core during sample fragmentation, excess 4 He due to implantation may occur and an older apparent date measured for the grain fragment. However, the measured date-eU patterns (below) from the four zircon fragments with rims, when compared with the broadly consistent overall trend of data would suggest that the presence of high-U rims does not strongly influence the ZHe results.
Our ZHe dates range from 4587 ± 555 Ma, to 6 ± 2 Ma (Fig. 3) (2015): blue for 4.33 Ga, green for 4.25 Ga, and orange for 3.95 Ga. Also indicated are potential events in the sample history, including a "radiation damage model age" calculated by Pidgeon et al. (2016) . P-Ne: Pre-Nectarian, Ne: Nectarian, Im: Imbrian, Er: Eratosthenian, Co: Copernican.
a (Jacobson et al., 2014 , and references therein), b (Borg et al., 2014) , c (Hopkins and Mojzsis, 2015; Merle et al., 2014; Snape et al., 2016) , d (Pidgeon et al., 2016 ), e (Stöffler and Ryder, 2001) , f (Drozd et al., 1977) ; Basin sequence based on Fassett et al. (2012) . (For interpretation of the colors in this figure, the reader is referred to the web version of this article.) (≤75 ppm) grains, a group of dates from ca. 212 to 6 Ma at high-eU (100-300 ppm), and a continuous age progression at intermediate-eU values (75-100 ppm) between the older and younger groups. The older, low-eU group of ZHe dates overlap previously published U-Pb ages for zircon and apatite from 14311 (ca. 3950-3940 Ma; Hopkins and Mojzsis, 2015; Snape et al., 2016; Merle et al., 2017) . Of the younger group of high-eU dates, a cluster of four analyses has a weighted average age of 111 ± 26 Ma.
Discussion
ZHe dates from ancient lunar zircon
The best-defined features of our ZHe data set are the ca. 3950-3500 Ma dates at low eU (≤75 ppm) and the ca. 110 Ma dates at high eU (≥100 ppm) that form part of a coherent dateeU trend (Fig. 3) . The negative correlation between ZHe date and eU is a common feature in typical terrestrial zircon samples (e.g., Guenthner et al., 2013 Guenthner et al., , 2014 Johnson et al., 2017) , and demonstrates the effect of radiation damage on 4 He retentivity in zircon.
While there is some dispersion in the data from low-eU grains, our data demonstrate that despite almost 4 billion years of radiation damage accumulation, zircon from lunar impact melt breccia sample 14311 have retained dates that exceed ca. 3500 Ma, with some at least as old as the major Imbrium basin-forming event at ca. 3950 Ma (e.g., Nemchin et al., 2009 Nemchin et al., , 2017 , and references therein).
Dispersion in the >3500 Ma ZHe dates is discussed below.
The ca. 110 Ma dates suggest a thermal event that reset higheU grains (≥100 ppm) at ca. 110 Ma. This group of ca. 110 Ma dates comports with GCR near-surface exposure ages from 4 other Apollo 14 samples (ca. 97-113 Ma: 14301, 14073, 14074, 14079; Stadermann et al., 1991; Crozaz et al., 1972 Reedy and Arnold, 1972) . Therefore, exposure ages may reflect more than one exposure event -a well-known and expected effect of impact gardeningprovided that samples are not heated sufficiently for cosmogenic isotopes to be lost through diffusion. In the case of 14311, the pre-110 Ma near-surface exposure ages can be simply explained by GCR exposure prior to the thermal event recorded by ca. 110 Ma dates. The thermal history modeling described next better constrains the significance of the ZHe data patterns, with specific focus on the ca. 110 Ma dates for high eU zircon. Given the known history of the Moon and the absence of igneous events at ca. 110 Ma, the two simplest possible explanations for the ca. 110 Ma dates are: 1) an extended period of solar heating at the lunar surface, because the exteriors of objects on Moon's surface can reach peak temperatures of 120 • C during each lunar day, or 2) a ca. 110 Ma impact event. We quantitatively evaluate these two possibilities with thermal history modeling, and then present our preferred history for lunar impact-melt breccia 14311 consistent with our new constraints.
Thermal history modeling: approach and caveats
Modeling was performed with the software HeFTy (Ketcham, 2005) and the ZRDAAM kinetic model (Guenthner et al., 2013) ; ZRDAAM is the only ZHe kinetic model that includes the welldocumented effects of radiation damage accumulation and annealing on He diffusivity. Zircon compositions used in models (10-300 ppm) encompass the range of eU values of the grains in our lunar data set ( Table 1 ). The grain radius chosen for modeling (100 μm) was based on lunar grain sizes following mechanical separation and takes into account the fact that analyzed grains were fragments of the original (larger) in situ grains. No alpha-ejection correction was applied in the models so as to provide a direct comparison to the measured data.
HeFTy diffusion models use the zircon grain radius to define the diffusion dimension, so that our model grain size represents a Fig. 4 . Predicted ZHe date-eU patterns from thermal history forward modeling to simulate the effects of maximum daily heating of zircon grains on the lunar surface using the "EDT" approach (after Tremblay et al., 2014) . Measured ZHe date-eU patterns are shown in gray for reference. The 120 • C curves (red) represent the effects of "maximum" daytime temperature on a fully exposed surface of a sample during cycled solar heating near the lunar equator (estimated range of at-surface exposure periods of 0.45 and 2.0 Myrs). The 100 • C curves (blue) represent attenuated heating where zircon grains were sited deeper within the sample, the sample was shaded for part of the lunar day, or the sample was partially covered by regolith. a) shows predicted date-eU patterns for a thermal history characterized by a single impact at 3950 Ma (peak temp of 1000 • C and 2 kyr cooling duration) and later solar cycling, with the results plotted at different scales. The inset is zoomed to highlight high-eU data. The predicted ZHe dates do not reproduce the observed ZHe data. b) are same plots as a), but additionally include an impact event at 110 Ma (peak T = 400 • C, cooling over 1 yr). Inclusion of the 110 Ma heating event is required to replicate the data patterns. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.) probable maximum in the lunar sample prior to separation. Of our analyzed grains, the modeled grains best represent fragments that originated near the center of a crystal and lacked impact shock features. Smaller grains, those with substantial impact shock features (e.g., Fig. 2c, f) , or zircon grains with sub-micron defects at scales below the resolution of the imaging techniques used in this study, will have smaller effective diffusion dimensions. These grains or grain fragments would be less retentive and therefore more likely to be reset at lower temperatures, giving younger ZHe dates for the same conditions (temperature, time, zircon eU) compared to the modeled grains. Similarly, fragments originating close to the edges of large grains, which would likely have lost He through diffusion and/or alpha-ejection, would also give younger ZHe dates than predicted. These factors are potential causes for dispersion from the simplified date-eU trends generated by the models and would most commonly result in younger ZHe dates than predicted (see Brown et al., 2013) . Partly for this reason, and to avoid the pitfall of over-interpretion for a complex system, we focus on the general pattern of the entire data set and on averaged dates of distinct groups of grains.
The influence that varying crystal and diffusion domain size has on the overall interpretations of the lunar data set presented here are likely minimal. First, there is no systematic relationship between grain size (measured sizes of grain fragments prior to analysis) or calculated volume (from HR-XCT data) and (U-Th)/He date (Table 1 ; Fig. S1 ). Second, there is no systematic variation between most shocked grains (e.g., those from the ca. 3950 Ma UPb zircon population) and those with no apparent shock features (Fig. 3) . Third, and perhaps most important, the measured data define a coherent date-eU trend, characterized by a distinct younger group of dates (<212 Ma) that occur across a wide range of eU values (100-300 ppm). Two grains at the smaller end of the size spectrum clearly lie off this trend -one with distinct shock features (60-5_Z7; Fig. 2f ) and another without (60-5_z9) -and both have younger ZHe dates than would be predicted for their eU (ca.
32 Ma and 115 Ma at eU = 48 and 54 ppm, respectively). These grains are only moderately radiation damaged (based on eU), and therefore it is probable that the diffusion domain size, and so He retentivity, were reduced by the effects of impact shock. However, we conclude from the overall data patterns that the effects of crystal and diffusion domain sizes described above do not significantly alter the larger, first-order data patterns on which our interpretations are based.
Evaluating solar thermal cycling effects
The absence of an atmosphere on the Moon leads to a wide temperature variation on the lunar surface (equatorial surface temperatures may range from a maximum of ∼120 • C to a minimum of −180 All heating times to peak-T are ≤5 min. Most model histories used maximum peak temperatures of 1000 • C -higher temperatures result in complete resetting of zircons at all eU values during events as short as a few minutes and so were not investigated. Zircon grain size used in models: 100 μm radius (assuming measure grain sizes are smaller than original, in situ grains due to fragmentation during mechanical separation); Zircon eU compositions: 10, 30, 50, 75, 100, 150, 200 , 300 (some models excluded 200 eU due to time constraints). Where T • C is given under an event date, peak temperature was fixed across models; where X • C is given, peak-T was varied between models. (Ketcham, 2005) . In this event series, conditions for 'Impact 1' (3950 Ma) were fixed, while peak temperatures and cooling durations for 'Impact 2' (110 Ma) were varied. (b) Lunar ZHe date-eU plot showing criteria used for determining permissible versus precluded thermal histories for a 110 Ma impact event. The predicted ZHe date-eU distribution from each forward model was compared with the observed "low-eU" (<100 ppm) and "high-eU" (>100 ppm) data encompassed by the gray boxes. Viable t-T paths are those that predict low-eU ZHe dates >3500 Ma (above horizontal red dashed line) and high-eU ZHe dates <250 Ma (below horizontal blue dashed line). These criteria result in a limited range of permissible peak temperatures for the 110 Ma event. c) ZHe date-eU patterns predicted by for the thermal history presented in (a), where all is fixed except for the peak temperature attained during the 110 Ma heating event. Using the rationale presented in (b), peak temperatures >275 • C and those <250 • C are precluded.
The former predicts low-eU ZHe dates younger than observed, and the latter predicts high-eU ZHe dates older than observed. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
heating of material at the surface during each lunar day (∼29.5 Earth days) has the potential to cause partial to complete diffusive loss of noble gases from crystals and glass (e.g., 40 Ar-39 Ar: Turner, 1971; Shuster and Cassata, 2015) . The latent effect of solar cycling on ZHe dates from sample 14311 zircon grains was modeled using the computer program HeFTy, incorporating the "effective diffusion temperature" (EDT) approach (Tremblay et al., 2014; Shuster and Cassata, 2015) . The EDT represents the temperature corresponding to the mean diffusivity over a variable, or cyclic, temperature function (Tremblay et al., 2014) , and will be greater than or equal to the mean daytime temperature (in the case of the lunar surface solar cycle), but lower than the maximum surface temperature, due to the exponential relationship of diffusivity to temperature. Many of the variables that affected the actual temperatures experienced by the grains (e.g., depth of the grains in the sample, effects of shading, direction the sample was facing) are unknown. We therefore compared maximum solar heating effects (where we assume zircon grains are fully exposed at the surface of the sample, with maximum daytime temperature = 120 • C), with a condition that reflects moderate thermal attenuation due to grains being deeper within the sample (where we assume the sample was shaded for part of the lunar day or was partially covered by regolith, with peak daytime temperature = 100 • C).
Our HeFTy models were run for durations of heating that correspond to at-surface exposure (0.45-2 Myr; Morrison et al., 1972; Hart et al., 1972) . Details on the application of the EDT technique and HeFTy modeling of solar cycling are provided in Supplementary Files (Figs. S2, S3 ). These modeling results suggest that solar thermal cycling effects alone, without any impact heating post-3950 Ma, cannot explain the ZHe date-eU pattern of our lunar sample. For example, the red dashed curve in Fig. 4a and 4b , which represents heating at maximum surface temperatures (120 • C) and at maximum durations of exposure (2 Myrs), predicts ZHe dates much older than observed at intermediate eU (75-150 ppm) and younger than observed at higher eU (>225 ppm). The deviation of modeled values from our measured data set is more pronounced for shorter durations of exposure or where peak solar heating is reduced. To achieve resetting in low-to intermediate-eU zircon in order to generate date-eU patterns similar to our measured data, much higher temperatures than experienced on the Moon's surface, or longer periods of exposure than explained by micro-pitting studies (exceeding 660 Ma) are required. We therefore next consider impact event histories that can more plausibly account for our dataset.
Evaluating the thermal significance of impact events
Approach
Our thermal history modeling of impact events to explain the measured ZHe date-eU pattern (Fig. 3) has two primary goals. First, because the oldest ZHe dates are the age of the Imbrium event, we aim to determine the minimum conditions necessary during the Imbrium impact to reset the (U-Th)/He date in all zircon grains to younger than the zircon crystallization age constrained by U-Pb. Second, we seek to evaluate if a post-Imbrium impact event is the most likely explanation for ca. 110 Ma ZHe dates. More than 1000 models covering greater than 20 thermal history scenarios were run (summarized in Table 2 ). Model scenarios aimed to evaluate any potential event that may have affected zircon across the entire lunar history from ca. 4330 Ma.
Forward models assumed rapid heating (minutes) to peak temperatures that varied from 1500 • C to 50 • C, and linear cooling trajectories over durations of >10 kyr to 1 min (time taken to cool from peak-temperature to 0 • C; e.g., Fig. 5a ). Parameters were selected to cover likely thermal conditions for a range of impact cratering event scenarios, because ejecta blanket dimensions, total . Example predicted ZHe date-eU patterns from thermal history forward models characterized by a) zircon crystallization at 4330 Ma followed by heating during a single impact at 3950 Ma of varied peak temperature; b) heating during impact events at 3950 Ma and 110 Ma, with peak temperatures of the 110 Ma event varied and using a fixed 1 month cooling duration (that contrasts with the 2 kyr cooling duration of the forward models in Fig. 5C ); c) heating during an impact event at 3950 Ma followed by a heating event at 3400 Ma of variable peak temperature; d) heating during impact events at 3950 Ma and 800 Ma, with peak temperatures of the 800 Ma event varied. Only t-T histories similar to those in Figs. 6B and Fig. 5C , which include reheating at 110 Ma, can reproduce the data. melt volumes and clast-melt ratios will influence peak temperatures attained during thermal equilibration of solids and melt, as well as rates of cooling following emplacement (Onorato et al., 1978; Prevec and Cawthorn, 2002) . For example, Fig. 5a summarizes modeled event histories where zircon grains were fully reset during an impact at 3950 Ma, and then experienced a second impact event at 110 Ma. This model tests variations in cooling durations and peak temperatures, simulating a range of conditions from conductive cooling in an ejecta blanket to rapid quenching of melt-bearing rocks.
The coherent trend in the measured ZHe data provide our best constraints on valid versus invalid t-T histories. We use the following parameters to determine closeness of fit of a model output to the measured ZHe data. To evaluate the 3950 Ma event, we assessed the temperature at which all zircon grains were fully reset to 3950 Ma for a range of cooling durations (e.g., 10 kyrs). To evaluate potential impact histories and associated temperatures that could lead to the ca. 110 Ma ZHe dates, we consider both the generation of ca. 110 Ma dates in high-eU (≥100 ppm) zircon, and the preservation of >3500 Ma dates in low-eU zircon (≤75 ppm; summarized in Fig. 5b ). For a thermal event history to be considered permissible, we tracked resetting of the most resistant zircon in the high-eU group (eU = 150 ppm) to where its ZHe date fell below 250 Ma, while still retaining >3500 Ma dates in 75 ppm eU zircon (the most sensitive to resetting during post-Imbrium events). All other conditions are precluded. An example of this output is summarized in Fig. 5c . Modeled date-eU plots that represent key thermal event histories are presented in Fig. 6 , and discussed in more detail next.
Implications
Using the methodology above we can impose constraints on thermal conditions for the last ca. 3950 Ma of the lunar history for Apollo sample 14311, as summarized in Fig. 7 . First, the data constrain the minimum temperatures/cooling durations required during an impact at 3950 Ma to completely reset all of the zircon that crystallized at ca. 4300 Ma and ca. 4250 Ma, and thus replicate the ca. 3950-3500 Ma dates for zircon with <100 ppm eU. For cooling durations of 10 kyrs (a conservative estimate for conductive cooling in an ejecta blanket of ∼350 m thickness; Abramov et al., 2013) , minimum peak temperatures of only ∼350 • C are required to completely reset the ZHe dates (Figs. 6a, 7a, S4) . Therefore, at conditions within an ejecta blanket consistent with those invoked to explain the equant matrix texture in sample 14311 (>1000 • C; Warner, 1972) , even relatively short event durations (e.g., 1 month, Fig. S4 ) would result in complete resetting of ZHe dates following deposition in an ejecta blanket at ca. 3950 Ma. An important additional outcome of models that solely involve heating during an impact at ca. 3950 Ma is that they do not replicate the measured lunar date-eU patterns from 14311; they all lack the young (ca. 110 Ma) dates preserved for high-eU zircon (Figs. 6a, S4) .
Second, and perhaps most significantly, we find that only a thermal history including a heating event at ca. 110 Ma fully reproduces our observed date-eU pattern ( Fig. 6b-d ; compare Figs. S4-S8), even considering possible over-or under-estimates of He retentivity in highly radiation damaged grains (see Supplementary Files for detailed discussion). We also find that only a narrow range of thermal conditions are permissible during the ca. 110 Ma event (Fig. 7b) . Therefore, if we assume a probable maximum cooling duration of 1 yr (the absence of abundant quenched melt would suggest the sample cooled quickly), peak temperatures are limited to between 400 and 365 • C to reset high-eU zircon to ZHe dates of ca. 110 Ma while still preserving >3500 Ma dates in low-eU zircon. For shorter cooling durations (e.g., 1 day), acceptable maximum temperatures are higher, but are still restricted (630-570 • C). These permissible temperatures would be reduced by up to 130 • C for smaller grain radii (e.g., 25 μm; Fig. S9 ). Thermal history models also show that the scatter in low-eU ZHe dates to as young as ca. 3500 Ma can be explained by a simple event history involving a single impact event at ca. 110 Ma overprinting zircon grains that were fully reset at ca. 3950 Ma. Further, it is possible that the younger 6 Ma date for the highest-eU zircon (∼300 ppm) of our dataset can be explained by the superimposed effect of solar heating at lower temperatures and over shorter timescales subsequent to the 110 Ma impact event (Fig. 4a, b) .
Finally, the data limit permissible maximum temperatures of any heating event that may have affected sample 14311 between ca. 3950 and 110 Ma by precluding thermal conditions that would reset low eU zircon to dates younger than observed (ca. 3500 Ma; Fig. 7c ). For example, heating during basaltic volcanism at ca. 3400 Ma (Pidgeon et al., 2016) could not have exceeded peak temperatures of 350 • C (for a cooling duration of 10 kyr; Fig. 7c ; Fig. S6 ). If the sample was affected by the Copernicus impact (ca. 800 Ma; Merle et al., 2017) , peak temperatures for that event could not have exceeded 450 • C (for a cooling duration of 1 yr; Fig. S9 ).
To summarize, the ZHe data for Apollo sample 14311 are most consistent with an older (originally ca. 3950 Ma) zircon population that experienced a thermal event at ca. 110 Ma years ( Fig. 6b ; S6-8). The results from this single sample 1) constrain minimum temperatures and cooling durations during the ca. 3950 Ma (Imbrium?) impact event, 2) demonstrate the necessity for a heating event at ca. 110 Ma to explain the measured date-eU pattern, 3) impose tight t-T limits of this ca. 110 Ma heating event, and 4) limit maximum temperatures of any event between 3950 and 110 Ma.
Preferred model for the history of lunar impact-melt breccia 14311
The ZHe dates and thermal history modeling results can now be integrated with our current knowledge of lunar history to expand our understanding of impact melt breccia 14311 (see Fig. 8 ). Based on this knowledge, including the timing of post-Mare volcanism, ca. 110 Ma ZHe dates in sample 14311 are best explained by heating during a young impact event. The absence of abundant melt in the sample (a small volume of quenched melt has been reported; Warner, 1972) , suggests that there was a low melt-solid ratio in the ejected material. This could result from a minor impact event involving a high degree of mechanical mixing of source material and a short-lived heating history. Our results limit the peak temperatures during this heating to between 400 • C (1 yr cooling) and 630 • C (1 day cooling; Fig. 7b ). It is therefore likely that sample 14311 was heated during a non-basin-forming impact event and underwent rapid cooling, with any impact melts present quenched before more extreme heating of solid fragments could occur.
The coherent date-eU pattern in the ZHe dataset, despite containing zircon with pre-Imbrium U-Pb ages and shocked zircon with ages partially to completely reset to ca. 3950 Ma (Hopkins and Mojzsis, 2015) , suggests these grains were deposited together as part of ejecta from a major basin-forming event (possibly Imbrium) and likely share the same post-Imbrium thermal history. We favor the scenario in which ejecta materials were subsequently (Osinski et al., 2011) . Zone of melt production during initial impact is given by the dashed circle, and zone of vaporization shaded white circle. Preservation of ca. 4330 Ma and 4250 Ma U-Pb ages by some zircon grains likely requires target rocks were within the zone of mechanical mixing, while extensive resetting in grains with impact shock features may indicate location within the zone of melting. relocated to Fra Mauro during formation of a younger, smaller impact elsewhere. No ca. 110 Ma craters in the immediate vicinity of the Apollo 14 landing site are sufficiently large to cause the thermal resetting required by the ZHe data, and there is no evidence for nearby magmatism at ca. 110 Ma. It is probable that 14311 was sourced through ejection from a more distal location.
Tycho crater, ∼86 km in diameter and located in the southern lunar highlands and dated at ca. 96-110 Ma from exposure ages of samples from Apollo 17 (Drozd et al., 1977; Arvidson et al., 1972) , is a plausible candidate (Fig. 1a) . Ejecta from this impact covers an area of up to ∼560,000 km 2 (Fig. 1a) , and discontinuous ejecta rays extend as far as Mare Serenitatis, Mare Fecunditatis, and the vicinity of the Apollo 14 landing site (Dundas and McEwen, 2007) .
At ∼1200 km from Tycho to the Apollo 14 sampling site, any material ejected to Fra Mauro would likely have contained low melt volumes (Onorato et al., 1978; Prevec and Cawthorn, 2002; Abramov et al., 2012) and cooled rapidly. The formation of "equant" matrix texture preserved in 14311, however, requires slow cooling at high-temperatures within a thick blanket of ejecta (Warner, 1972) . It is not clear if this would be possible in the vicinity of Tycho, close to 1800 km from the edge of the Imbrium basin. Therefore, other, yet to be identified craters closer to Fra Mauro must also be considered.
An exotic origin for sample 14311 has previously been proposed. For example, contrasting U-Pb age spectra from 14311 zircon grains compared with other Apollo 14 samples suggests a source separate to the Fra Mauro formation in the Apollo 14 vicinity (Merle et al., 2017) . Radiation-damage model ages (ca. 3400 Ma) were previously linked to mare magmatism (Pidgeon et al., 2016) . Coupled with an old 81 Kr exposure age (ca. 661 Ma; Stadermann et al., 1991) , it was suggested 14311 could have been ejected from the ca. 800 Ma Copernicus impact crater (Pidgeon et al., 2016; Merle et al., 2017) . Although the ZHe data cannot preclude heating at ca. 3400 Ma or involvement in the Copernicus impact event, the ZHe results do limit possible thermal conditions associated with these proposed events and require a heating event at ca. 110 Ma to explain the data patterns (Fig. 7) . Based on the current dataset, we prefer a simple event scenario to explain the ZHe data characterized by impact and deposition in the Imbrium ejecta blanket at ca. 3950 Ma, followed by a second impact event at ca. 110 Ma, and limited solar heating from <2.0 Myrs. This simple scenario, which includes a nonFra Mauro formation source for sample 14311, is consistent with the measured GCR exposure ages for the rock ( 38 Ar: 528, 81 Kr: 661 Ma; Crozaz et al., 1972; Stadermann et al., 1991) . These exposure ages likely reflect the cumulative time spent by 14311 in the near-surface prior to ejection to Fra Mauro combined with that spent near-or at-surface since deposition at ca. 110 Ma.
Although 14311 was previously interpreted to belong to a suite of breccias excavated from the Fra Mauro formation by the impact that formed Cone crater (ca. 25 Ma; Crozaz et al., 1972; Stadermann et al., 1991) , young at-surface ages for 14311 and another impact-melt breccia 14301 (<2 Ma; Hart et al., 1972; Horz et al., 1972; Morrison et al., 1972) , and ca. 100 Ma GCR exposure ages for samples 14301, −073, −074, and −079, mean that this is unlikely. Instead, we argue that these samples were deposited in the Apollo 14 landing site at ca. 110 Ma, and sample 14311 was fragmented and moved through impact gardening in more recent times.
Conclusions
The ZHe thermochronometry of lunar Apollo samples provides a new means to document the history of late accretion to the Moon. Our (U-Th)/He data from 32 zircon grains separated from impactmelt breccia Apollo sample 14311 define a coherent date-eU trend that demonstrates the radiation damage effect on 4 He retentivity in zircon. Forward modeling of impact and other thermal histories using the measured date-eU trends and the most recent zircon He diffusion kinetic model leads us to three major conclusions: 1) Our ZHe dates are best explained by a simple impact history characterized by a ca. 110 Ma thermal event, recorded in high (>100 ppm) eU zircon, which overprinted grains that were previously fully reset at ca. 3950 Ma during a basin-formation event, possibly Imbrium. We interpret the ca. 110 Ma dates to reflect resetting during a small, non-basin forming impact (Tycho?) that ejected the sample to the Apollo 14 sampling site. 2) Modeling constrains conditions during heating associated with this young impact (Fig. 7b) , which requires preservation of >3500 Ma dates in low eU zircon while recording ca. 110 Ma dates in high-eU zircon. In addition, modeling using the EDT approach precludes solar thermal cycling on the lunar surface as the sole cause of the ca. 110 Ma dates. 3) While the ZHe data cannot preclude a sample history involving thermal or impact events between 3950-110 Ma, the models restrict maximum permissible conditions of any thermal excursions (Fig. 7c) .
The results of this study also show that lunar zircon can retain 4 He over immense timescales (≥3950 Myrs) and therefore provides a useful new thermochronometer for dating the impact histories of lunar rocks. While (U-Th)/He data from impact melt breccia 14311 indicates this sample experienced two major craterforming events, we expect to obtain very different date-eU patterns from other samples of the lunar surface that experienced contrasting impact histories. Consequently, depending on degrees of overprinting, each sample may access different parts of the lunar impact history. By expanding work on the Moon to zircon occurrences documented in martian and asteroidal meteorites, the combined U-Pb and (U-Th)/He thermochronometry technique opens the door to a more comprehensive picture of long-term accretion rates in the inner solar system over a wide range of impact magnitudes.
